addition, the RES active power injections such as the wind turbine (WT) and photovoltaic (PV) plants, 82 P wt and P pv respectively, are also measured.
83
.
. . setpoints for the installed control assets using an OPF to optimize any technical or economic objective.
87
This paper considers, on the one hand, the following control assets:
88
• RES, which can regulate their reactive power injections Q opt wt and Q opt pv .
89
• Transformer OLTCs, which can adjust the tap position t opt .
90
• DC link, which is composed of two Voltage Source Converters (VSCs) in back-to-back topology 
96
On the other hand, the selected OPF objective is to minimize the active power losses of the system,
97
to take advantage of the already available control assets to optimise the operation of the distribution 98 grid, which leads to the following formulation:
where x is the set of control variables (P opt link , Q opt vsc j , Q opt wt,pv , t opt ) and y is the set of load and generation 100 power injections for a given time interval (P il , Q il , P hl , Q hl , P wt , P pv ).
101
The optimization problem is completed including the relevant constraints. First, the network operational limits have to be considered. The voltages and currents of the sets of buses, N , , respectively as stated in (2) and (3):
Second, the OLTC tap has to be within the limits as well as the apparent power of RES and DC-link VSCs have to be below their rated capability, according to (4)-(6):
Finally, other constraints which are included in the OPF are the active and reactive bus power balances 102 and the power constraints modelling the DC link behaviour which can be found in [24] . 
Laboratory testing platform

104
The objective of the laboratory testing platform is to faithfully represent the real behaviour of 105 an active distribution system including all its components to asses the performance of the centralised 106 control strategy outlined in section 2. In this way, the testing platform has been built based on the MV • First, this network is based on an actual MV German distribution system fulfilling the proposed 111 objective of the laboratory testing platform described above.
112
• Second, an important RES penetration is integrated into the network.
113
• Third, all the network data including topology, parameters of lines and cables, loads, RES and 114 their corresponding daily load/generation curves are available and well documented.
115
• Fourth, the benchmark network includes a DC link, a key component of future active 116 distribution system with high RES penetration.
117
The next subsections present the MV benchmark distribution system and its scaled-down version 118 built in the laboratory for testing purposes, including the implemented control scheme and the 119 communication infrastructure designed to operate the system as a flexible platform to evaluate the 120 benefits of active distribution networks. 
MV benchmark distribution network
122
The one-line diagram of the benchmark distribution system is shown in Figure 2 nodes N8 and N14.
132
The 24-hour profiles of the total loads and RES of subsystem 1 and 2 are depicted in Figure 3 . It
133
is interesting to point out that the subsystem 1 is more loaded than subsystem 2. Moreover, most RES 134 are located within subsystem 1 which partially compensate its higher load with this local generation. It is also worth noting that, in order to analyse a case with a massive RES penetration, the generation 
163
The transformer used for this purpose is a 400 V±5%/400 V, 100 kVA equipped with a The optimal setpoints for these two control assets are also managed by the SMS in a similar manner 172 than the OLE power references. whereas the second control level is composed of several LCs attached to the hardware devices (OLEs,
177
DC link and OLTC) being responsible of tracking these references.
178
The SMS performs two tasks in a sequential manner which can be summarised as follows:
179
• Off-line tasks. They are carried out by a Host PC and mainly consist on the configuration of the 180 setpoint profiles. The OLE active and reactive daily power curves (P i , Q i ) are defined through Finally, all these data are compiled and uploaded to the Real-Time Control System (RTCS) for 185 its real-time operation.
186
• On-line tasks. These are executed by the RTCS which is responsible for two undertakings.
187
On the one hand, the RTCS is in charge of sending the setpoints to the second control level, 
218
• Variation of nodal voltages (∆V). This index provides a global measurement of the daily voltage variations at the nodes of the network. It is computed as the average value of the difference between the maximum and minimum nodal voltages measured in pu,
where Ni is the total number of the network nodes.
219
• OLTC operation (N OLTC ). This KPI shows the number of OLTC operations during the 24-hours 220 testing period.
221
• RES reactive power injection (Q RES ). This index provides a global measurement of the RES collaboration to the network reactive power support. It is computed dividing the average value of the reactive power injected by the RES during the 24 hours by the total number of RES,
where Q RES i,t is the reactive power injected by RES i in period t, N RES is the number of RES in 222 the network and N t is the number of time periods considered during the 24 hours.
223
• DC Link load (SL link ). This evaluates the state of load of the DC link during the day and it is computed as:
where S vscj is the apparent power of each VSC and S DClink is the rated power of the DC link.
224
• Transformer load (T L ). It represents the daily average load of the transformer as a percentage of its rated power, which can be computed as:
where S T is the apparent power through the transformer and S N is the rated power of the 225 transformer. 
Experimental Results
227
The objective function proposed for the operation of high-RES active distribution networks C1 presents the greatest daily power losses as no control assets are operating to act on the whose objective function is to reduce the total power losses in the network. Therefore, the tap is 241 established in -5% position in order to increase the nodal voltages and achieve the intended objective.
242
In the test case C3, the RES reactive power capability is also included in the control. Now, the 243 daily energy losses are reduced more than 15% with respect to C1. This occurs because the RES are 244 able to provide reactive power to the system. Figure 6 shows the RES reactive power injected at nodes 245 N3 and N8 with respect to their rated power for the test cases C3 and C4. This is represented using avoiding the need to be supplied from the primary substation. as shown in Figure 7 . Note that the reactive power supplied from the primary substation in C3 is lower than 0.05 pu during the 24 hours,
252
helping to reduce the energy losses.
253
The DC link integration in C4 further reduces the energy losses up to a 25% with respect to 254 C1, as shown in Table 2 . This device injects reactive power at the interconnected nodes N8 and N14
255
by means of VSC1 and VSC2 respectively during the 24 hours as depicted in Figure 8 . This power,
256
added to the RES reactive power, leads to an almost zero reactive power supplied from the primary 257 substation, as shown in Figure 7 . In this way, the energy losses are reduced with respect to C3. An 258 additional effect on the RES reactive power injections can be observed. In C4, the RES do not to have 259 to inject as much reactive power as in C3, as can be observed in Figure 6 , becoming even zero in some 260 nodes like N8. This effect is quantified in a global manner with Q RES collected in Table 2 injected by the VSC2 to subsystem 2. In this way, part of the power generated by RES in subsystem
269
1 is transferred to feed the loads in subsystem 2. Therefore, this active power is not supplied by the 270 primary substation thus reducing the current in this system and the energy losses. voltages below 0.95 pu, exclusively occur in the base case C1 due to the lack of control assets operating 280 in the network. This situation leads to very high T vv value in C1, as shown in Table 2 . These voltage 281 violations are more severe at nodes N6 and N8 corresponding to subsystem 1 because of two reasons.
282
First, subsystem 1 is more loaded than subsystem 2, as depicted in Figure 3 , especially during the 
288
In C2, the tap is established in the -5% position during most of the day. However, and according to 289 the information provided in Table 2 , two OLTC operations N OLTC (from -5% to 0% position) over the to C1 as shown in Table 2 . This effect can also be observed in Figure 9 where the violin plots are as shown in Table 2 . As a consequence, the benefits for the distribution system are clear in this respect: OPF definition and practical implementation issues and discussed to the results of the paper.
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